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DOPPLER TRACKING FOR SIGNALS OF
OPPORTUNITY USING RATE-LINE
DETECTION

TECHNICAL FIELD

This disclosure relates generally to radio frequency signal
processing and more particularly to a signal processing
technique for extracting Doppler shift information from
cyclostationary features of radio frequency signals propa-
gating from moving sources, such as orbiting satellites.

BACKGROUND

This section provides background information related to
the present disclosure which 1s not necessarily prior art.

Currently, the Global Navigation Satellite System
(GNSS) widely serves as the most frequently relied upon
technology to provide positioning, navigation and timing,
services for a wide range of applications. The GNSS
employs numerous constellations of satellites that broadcast
accurately timed signals back to Earth. The GNSS receiver
measures signal time of arrival differences among these
satellites to perform triangulation. In this way, the location
ol the receiver can be accurately determined and used for
positioning, navigation and timing.

While demonstrated to be highly effective, the GNSS 1s
not foolproot. Satellite borne transmitters can fail and their
signals can be iterfered with both by jamming from inten-
tional and unintentional human transmissions, and by space
weather events, such as solar flares, coronal mass ejections,
and electromagnetic impulses.

Accordingly, there 1s considerable interest 1n an alternate
system for providing positioning, navigation and timing
services. In this regard, the many the radio frequency signals
broadcast from the thousands of satellites 1n orbit around the
Earth (not just the GNSS satellites) represent signals of
opportunity. If the orbit information of these satellites 1s
known and the Doppler shiit of their signals can be tracked,
in theory 1t 1s possible to use this mformation to provide
positioning, navigation and timing services.

However, it can be extremely difhicult to acquire and track
these signals of opportunity, particularly where nsuflicient
information about the signal payload 1s known to be able to
decode it. At first blush one might assume that the carrier
frequency of the unknown satellite could be tracked, but
often such 1s not the case. Modern satellite systems are
typically designed to maximize the payload throughput, and
this 1s frequently done by using an encoding scheme which
maximizes the payload signal to noise ratio, at the expense
of largely suppressing the carrier frequency. Thus 1t the
carrier frequency 1s to be used for Doppler shift measure-
ment, a significant effort 1n processing time 1s required.

To complicate matters further, these signals of opportu-
nity often will be transmitting using encoding schemes that
are dithicult to detect without a priori information about how
the message 1s encoded. Thus blind estimation techmiques to
extract useful tracking information from the signal payload
also can take a long time, lots of processing and may
ultimately prove ineflective.

SUMMARY

Compared with blind estimation, the disclosed technique
can be performed virtually instantaneously. It works by
detecting a cyclostationary feature of the signal of opportu-
nity, such as the mner code chipping rate, and then tracking
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2

that detected feature to measure Doppler shitt. The Doppler
shift information 1s then readily usable by a receiver to
provide positioning, navigation and/or timing services.

In addition to being extremely fast, the disclosed cyclos-
tationary feature detection 1s possible even 1n cases where
the broadcast signal itself 1s well below the noise tloor.

The disclosed techmique works well with virtually all
orbiting satellites that exhibit Doppler shiit relative to the
receiver (e.g. relative to ground-based receivers) and can be
applied to any bauded signal.

In accordance with one aspect of the present disclosure a
method 1s provided for processing, for Doppler shift analy-
s1s, an electromagnetic transmission carrying a bauded sig-
nal from a transmitter that 1s 1n motion relative to a tracking,
receiver. The electromagnetic transmission 1s captured, and
a non-linear operation 1s performed on the captured trans-
mission to expose a cyclostationary feature of the captured
transmission that defines a rate-line having a rate-line fre-
quency that 1s related to the bauded signal and to the motion
of the transmitter relative to the receirver. The rate-line
frequency 1s tracked in time to generate Doppler shift data
indicative of Doppler shift associated with the transmitter 1n
motion. These data are then supplied to the data tracking
receiver.

In accordance with another aspect, an apparatus 1s dis-
closed for processing an electromagnetic transmission car-
rying a bauded signal from a transmitter that 1s in motion
relative to a tracking receiver. The apparatus includes an
antenna port for capturing the electromagnetic transmaission.
Coupled to this port 1s a processor configured to perform a
non-linear operation on the captured transmission to expose
a cyclostationary feature of the captured transmission that
defines a rate-line having a rate-line frequency that is related
to the bauded signal and to the motion of the transmitter
relative to the receiver. A circuit or process 1s included which
detects the rate-line frequency and generates Doppler shiit
data indicative of the Doppler shift associated with the
transmitter 1n motion. These data are supplied through an
output port to the tracking receiver.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings described herein are for illustrative pur-
poses only of selected embodiments and not all possible
implementations. The particular choice of drawings 1s not
intended to limit the scope of the present disclosure.

FIG. 1 1s a simplified block diagram illustrating a high
level context in which the disclosed signal processing tech-
nique may be implemented;

FIG. 2 1s a flow chart providing an overview of core signal
processing steps used to acquire and track Doppler shift of
the cyclostationary feature (e.g., rate line);

FIG. 3 1s a block diagram illustrating an exemplary
embodiment of the signal processing technique, useful for
processing channelized signals from a plurality of satellites;

FIG. 4 15 a flow chart diagram explaining the operation of
the embodiment of FIG. 3; and

FIG. 5 depicts various exemplary wavelorms correspond-
ing to selected processing blocks from the tlow chart of FIG.

4.

DETAILED DESCRIPTION

The disclosed signal processing system and method
acquires and tracks a cyclostationary feature of a satellite
transmission, and generates a unique Doppler eflfect signal,
extracted from the cyclo stationary feature, which may be
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fed to a Doppler tracking receiver to provide positioning,
navigation and timing services. FIG. 1 illustrates the basic
configuration whereby the signal processing system 12
supplies this unique Doppler eflect signal to the Doppler
tracking receiver 14. As 1illustrated, a transmission from an
orbiting satellite 10, or other moving object 1s first processed
by the disclosed signal processing system 12, with the
derived Doppler eflect signal 13 being supplied to the
Doppler tracking receiver of conventional design.

As more fully explained below, the cyclostationary fea-
ture extracted by the signal processing system 12 1s not
apparent in the satellite transmission spectrum ordinarily
received by a Doppler tracking receiver. However, the
extracted cyclostationary feature exhibits a fundamental

frequency, referred to herein as the rate-line frequency,
which exhibits Doppler shift and can be tracked. The fun-
damental frequency exhibits an apparent frequency shiit
(Doppler shiit) because the satellite 1s moving across the sky
with a relative velocity v as seen from a stationary ground-
based receiver.

Cyclostationary Features

Cyclostationary features, although not visible in the trans-
mission spectrum, exist in satellite and other communication
systems which use a modulation encoding scheme that
changes from one information state to the next using a
predetermined time period for each bit of information
imposed on the carrier. The rate at which the information
state changes may generally be referred to as the baud rate.
Some sophisticated satellite systems employ a spread spec-
trum encoding scheme in which a group of diflerent carrier
frequencies are sequentially used, changing from one carrier
frequency to the next at some predetermined bauded time
interval (referred to as the chip rate). Thus 1n each of these
cases, the transmission can be considered a bauded signal,
because the encoded information state or carrier frequency
state changes at a rate determined a priori, and this encoding
pattern repeats 1n a cyclic manner. Thus the term cyclosta-
tionary 1s used to describe these bauded signal encoding
schemes.

It 1s therefore, the function of the disclosed signal pro-
cessing system 12 to acquire a radio frequency signal
transmission from satellite 10, extract a cyclostationary
feature from the acquired signal and track changes in the
cyclostationary feature as 1t undergoes time dilation (Dop-
pler shift) because the satellite 1s moving relative to a
stationary ground-based receiver. In effect the shifted fre-
quency of the extracted cyclostationary feature provides a
proxy for the Doppler shift information needed by the
Doppler tracking receiver 14, which would otherwise need
to rely on measuring shifts in the RF carrnier frequency (often
one or two orders of magnitude weaker). By supplying such
robust Doppler shift information to a Doppler tracking
receiver 14, the receiver 1s able to provide positioning,
navigation and timing services 16, even 1n cases where the
transmission carrier frequency 1s too weak for lock on. As
noted, the Doppler tracking receiver 14 can be of any
conventional design, however the source of Doppler shiit
information, 1.¢., from the disclosed signal processing sys-
tem 12, 1s new, unique and not of conventional design.

Overview of Process

FI1G. 2 1llustrates an overview of how the disclosed signal
processing system 12 functions. As 1illustrated 1n FIG. 2, the
signal processing steps may be performed upon the trans-
mission from a single satellite, as was 1llustrated in FIG. 1.
However, in many cases the signal processing system 12 will
actually be operating on signals from a constellation or
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4

plurality of satellites. Exactly how this may be done will be
described below with reference to FIG. 3.

The process begins at 18 by receiving and tuning the radio
frequency transmission from one or more satellites. Receiv-
ing and tuning 18 may involve capturing the radio frequency
signals using a suitable antenna and selecting a predeter-
mined band of captured radio frequency signals, using a
suitable bandpass filter. In many cases, all satellites within a
given constellation may be operating on the same frequency
or on a range of related frequencies. Thus a suitable filter
bandwidth 1s chosen to capture the desired RF frequencies of
interest. Of course, 1n cases where the precise RFE frequen-
cies are not known a priori, the bandwidth may be tuned
wider or narrower, as needed, until useful information 1s
being collected.

The captured band of RF frequency signals are then
converted from analog to digital form as at 20, using a
suitable analog-to-digital converter (ADC), to produce a
digital representation of the RF signal(s). This digital rep-
resentation may be more convenient for subsequent calcu-
lations and processing 1 converted to a baseband represen-
tation of the RF signal (by downsampling or other suitable
Process).

Next, as shown at 22, a non-linear operation 1s performed
on the digital representation of the RF signal(s). Use of a
non-linear operation produces new Irequencies (1.e., 1n Ire-
quencies addition to those frequencies present in the RF
signal(s). At least one of these newly created frequencies
corresponds to cyclostationary features inherent in the
broadcast RF signals from the satellite(s), but not directly
visible to a conventional energy detector of the type con-
ventionally used to detect signal strength modulations of the
RF transmission. In this disclosure the newly created fre-
quencies are characterized as rate-line frequencies, corre-
sponding to encoding scheme timing parameters such as
baud rate, chip rate or the like.

Following the non-linecar operation 22, the processor
extracts the newly created rate-line frequencies correspond-
ing to the cyclostationary feature(s) of interest. To separate
the rate-line frequencies from other extraneous or spurious
signals and noise, additional bandpass filtering may be
employed. As noted, these rate-line signals are not apparent
in the transmission spectrum, but are extracted by performs-
ing the non-linear operation. In essence, this rate-line 1s an
artificial signal, nominally existing at a frequency corre-
sponding to a cyclostationary feature of the waveform, but
capable of being Doppler shifted if the satellite which
broadcast the RF signal 1s moving relative to the recerver.

Taking advantage of the rate-line’s susceptibility to Dop-

pler shift, the processor at 26 acquires (1dentifies) the
rate-line signal(s) present and begins tracking any frequency
shift 1t may exhibit over time. Such frequency shift 1s highly
correlated to the Doppler shift produced by the motion of the
satellite relative to the recerver. Once sullicient data have
been collected to determine a Doppler shift value, this
information 1s supplied at 28 to the receiver.
The recerver, at 30, then uses this newly provided Doppler
shift information to compute the location of the receiver,
using this Doppler shift information and knowing a priori
the Two-Line element (ITLE) information regarding the
known locations of the broadcasting satellite constellation.
A prion1 knowledge of the TLE information 1s typically
supplied by downloading to the receiver, where 1t 1s main-
tained as a catalog of space objects orbiting the Earth.

While the above description has alluded to the fact that an
exemplary embodiment will typically employ a constella-
tion ol a plurality of satellites, FIGS. 3 and 4 will now
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describe 1n detail that 1in many applications, not only will
plural satellites be mmvolved, but also multiple channels of

information may be carried by each satellite. Thus 1n FIG. 4,
a plurality of three satellites has been illustrated at 10, with
the indication that each satellite broadcasts a signal that
supports n-channels of information (channels 1 . . . n). The
circuit block diagram of FIG. 3 shows how the disclosed
signal processing system handles such information.

Exemplary Circuit Embodiment

Referring to FIG. 3, the recerver antenna 31 captures
broadcast RF signals from all satellites within view and
supplies them to a low noise amplifier 32. Having a good
signal-to-noise ratio 1s important, so the low noise amplifier
1s deployed first 1n the signal chain. The low noise amplifier
1s sulliciently broadband to linearly amplify all received
frequencies of iterest as captured by the antenna.

Next the amplified signal 1s fed to bandpass filter 34,
which may be designed to pass unimpeded the RF frequen-
cies of interest, while blocking frequencies outside the range
of frequencies used by the satellites of interest. For example,
if the satellites provide a downlink transmission 1n the
S-band (2-5 GHz), the passband of the bandpass filter 34 1s
designed to permit only that frequency range to pass. Of
course, 1f a subset of the S-band 1s used, then the filter may
be suitably narrowed. The purpose of the bandpass filter 34
1s to 1mprove system signal-to-noise ratio by blocking all
noise signals that are outside the passband. In this regard, the
sky 1s awash with noise, particularly during daylight hours,
the Sun being one of the largest noise sources.

After bandpass filtering, the remaining signals are mixed
at 36 with a local oscillator 38, which produces sum and
difference heterodyne versions of the received signal. By
suitably selecting (tuning) the local oscillator frequency, the
difference heterodyne may be placed at or near baseband,
where 1t 1s then processed by the subsampling analog to
digital converter 40 to provide a digital representation of the
received satellite signals. The sum heterodyne, if present, 1s
superfluous and may be discarded.

In a practical implementation, the low noise amplifier 32,
bandpass filter 34 and mixer 36 may be implemented using
discrete integrated circuits, LC networks, of suitable design
for handling the RF frequencies involved. After passing
through the ADC 40, all of the remaining signal processing
may be performed in the digital domain and thus may be
implemented using gate array device (e.g., FPGA), digital
signal processing integrated circuits, microprocessors or
other digital processing circuits.

As noted above, one of the key processing steps 1n order
to acquire and track a cyclostationary feature 1s to perform
a nonlinear operation. In the embodiment illustrated 1n FIG.
3, this nonlinear operation 1s performed by converting the
broadcast signal mto I and Q components and then comput-
ing at 48 the vector magnitude (a non-linear operation).
Other non-linear operations may also be used. In the 1llus-
trated embodiment, the I and (Q components are extracted by
applying a Hilbert transform 42 to the digitally sampled
broadcast signal, producing two signals (I and Q signals)
which are 90 degrees apart 1n phase. Once extracted, the I
and Q signals are processed to compute the vector magni-
tude at 48. Alternative non-linear operations include apply-
ing a delay- and multiply operation, or applying a signal
squaring operation.

The non-linear operation exposes the cyclostationary rate-
line feature, producing a rate-line signal at a frequency
tundamentally dictated by the bauded encoding scheme of
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6

the communication system, but altered in frequency by
Doppler shiit caused by the relative motion of the particular
satellite making the transmission. Thus the rate-line fre-
quency can be used as a proxy or measure of the satellite’s
Doppler shift and may ultimately be used to help i1dentity
which satellite 1s being observed. In the 1llustrated embodi-
ment, a phase-locked loop-assisted tone detector 34 mea-
sures the frequency of the rate-line. This tone detection 1s
part of the Doppler extraction processing 46, which 1s shown
in greater detail at 46a. As will be next discussed, a portion
of the Doppler extraction processing 46 shown 1n FIG. 3 1s
designed to support multichannel broadcasts and concurrent
processing of multiple satellites.

Support for Multichannel Broadcasts and Concurrent Pro-
cessing of Multiple Satellites

Many satellite communications systems employ a chan-
nelized communication architecture, where each satellite 1s
capable of communicating plural message streams or pay-
loads that are separated 1in some fashion. Typical channel-
ization methods include packetizing, frequency division
multiplexing and time division multiplexing. These commu-
nication architectures can be quite sophisticated. For
example, an example satellite system network may use the
S-band for satellite-to-user transmission (forward down-
link). The utilized bandwidth 1s divided into plural fre-
quency domain multiplexed (FDM) channels. Thus the
channelized transmission can support diflerent messages on
cach of the plural channels. Other satellite systems may use
other architectures.

Currently 1 orbit around the Earth are thousands of
satellite communications systems. Thus at any given time
potentially hundreds of satellite signals will impinge on the
antenna 31 of the signal processing system of FIG. 3. The
satellites producing signals visible to antenna 31 are likely
to be positioned at different locations across the sky and will
be traveling at diflerent relative velocities to antenna 31.
Thus these satellites will quite likely exhibit different Dop-
pler shifts.

The embodiment illustrated 1n FIG. 3 1s thus configured to
concurrently process received signals from plural satellites,
and to extract rate-line information from each channel of
cach satellite transmission within the passband of bandpass
filter 34. To do this, a transmultiplexer 44 1s used, to convert
the channelized information from the domain in which 1t
was multiplexed for transmission (e.g. FDM) into a domain
that can be more conveniently processed by the non-linear
operation. Essentially, the transmultiplexer 44 converts from
frequency domain multiplexing to time domain multiplex-
ing. In this way the I and Q signals from each of the
individual channels may be time-aligned, so that the respec-
tive rate-line frequencies of all channels are all 1n phase and
thus capable of being meaningtully summed.

The Doppler signal extraction process 46, illustrated 1n
more detail at 46a, operates on the I and Q signals from each
of the individual channels. To each I and Q signal, the
non-linear process 48 1s performed to generate a plurality of
rate-line signals. Thereafter the rate-line signals are band-
pass filtered at 50 and summed at 52. The bandpass filters at
50 have filter bandwidths chosen to pass frequencies 1n the
expected range of the rate-line frequencies associated with
the satellite communication system. Summing the rate-line
signals 1n summer 32 eflectively boosts the signal strength
of the rate-line signal for a given satellite by adding each
channel’s contribution to the collective, thereby producing a
more robust representation of the rate-line for that satellite.

Of course, 11 signals from plural satellites are captured by
antenna 31 and processed as described above, 1t 1s likely that




US 11,841,442 B2

7

cach satellite will exhibit different rate-line frequencies, due
to differences in the respective Doppler shifts. Thus the
output of summer 52 can be expected to contain plural
rate-line frequencies, one for each satellite. To separate these
respective rate-line frequencies into data for each satellite,
the frequency of each rate-line 1s detected by tone detector
54 and a phase-locked loop 38 process 1s instantiated by
control processor 36 for each diflerent frequency. The phase-
locked loop 58 process, by comparing output to input, helps
smooth out minor fluctuations from one reading to the next,
thereby producing a stable measure of the rate-line 1ire-
quency. In this way rate-line data for each satellite can be
acquired and tracked over time and ultimately output as a
data stream giving a different Doppler shift value d,(n) to
d.{(n) for each satellite. This Doppler shiit data stream 1is
then fed to the Doppler tracking receiver 14 (FI1G. 1) where
the information 1s used to provide positioning, navigation
and/or timing services, as at step 30 (FIG. 2).

As noted earlier, these rate-line signals are not seen in the
satellite transmission spectrum, and yet they can provide a
considerably more robust measure of satellite Doppler shait.
By way of example, the rate-line of an exemplary Doppler
shifted satellite signal may typically be in the low MHz
range, for example on the order of 1 MHz. This low MHz.
rate-line tone 1s far below the 2500 MHz carrier frequency
and thus not seen within the spectrum captured by antenna
31 and processed through bandpass filter 34. The doppler
shift of both frequencies from the satellite velocity would be
relative to the detected frequencies (hence the 1 MHz
doppler would be approximately 23500 times less than the
carrier frequency, 1.e. 10 Hz doppler for 1 MHz vs. 25 KHz
for carrier).

Signal Processing Steps

FI1G. 4 illustrates the disclosed signal processing method,
as applied to signals captured by the antenna 31 (FIG. 3).
Signals 1n the frequency range of interest are tuned at 60,
which includes employment of bandpass filter 34 (FI1G. 3) to
screen out signals outside the range of frequencies of
interest. As shown at 10, the process 1s designed to work
with signals captured from plural satellites, each providing
a multichannel transmission.

The tuning process may also include downconverting the
received signals to baseband at 62. The downconversion step
may be implemented by using the mixer 36 and local
oscillator 38 (FIG. 3). Downconversion allows the received
signals to be more readily digitized, as by ADC 40 (FIG. 3).
While downconversion has been illustrated here and in FIG.
3, g1ven suitably fast ADC circuitry, 1t 1s possible to digitize
the recetved RF signals directly (without mixer and local
oscillator) and through such direct conversion produce the
baseband data in the digital domain.

Then, for each channel of a transmission being processed,
the sequence of steps shown generally at 64 are performed.
Included 1n these steps are performing a non-linear operation
66 upon the signals from each channel. The non-linear
processing may be performed by suitable computation such
as computing the vector magnitude of I and Q phases of the
signals for each channel, as implemented at 48 (FIG. 3) with
the aid of the transmultiplexer 44 (FI1G. 3).

Cyclostationary features, such as rate-line signals are
extracted at 68, this being the resultant output of the non-
linear operation performed at 66. Bandpass filtering 1s then
performed at 70, using a bandpass {filter (or bank of bandpass
filters) 50 (FIG. 3) centered on the nominal rate-line fre-
quency expected from the communication system’s bauded
signal and allowing suflicient bandwidth to pass frequencies
bearing a reasonable positive or negative Doppler shuit.
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The resultant rate-line signals for each channel are time
aligned and their amplitudes are summed at 72 to produce a
collective rate-line value representing the Doppler shiit
exhibited by the satellite which made the channelized trans-
mission. In this regard, the rate-lines for any given satellite
will be the same for each channel within the transmission,
because the transmitter producing the channelized transmis-
sion 1s onboard the moving satellite and thus inherits its
Doppler shift.

In the case where signals from plural satellites are cap-
tured by antenna 31 (FIG. 3), the steps shown generally at
74 are performed for each satellite. These steps include
decoding the frequency (tone) of each set of channelized
rate-lines. Such decoding may be performed using a Fast
Fourier Transform (FFT). Such tone decoding will likely
produce several diflerent rate-line frequencies, as the ire-
quencies are Doppler-shift-dependent and the plurality of
satellites will quite probably exhibit different velocities
relative to the ground-based receiver. An exemplary Ire-
quency plot of diflerent rate-lines 1s shown at 78, as rate-
lines A, B, C and D.

For each decoded rate-line tone, the process instantiates or
launches a frequency tracking process, such as a phase-
locked loop process 58 (FIG. 3) which will track the
rate-lines over time, as illustrated at 82. As 1llustrated at 82,
the individual Doppler shift frequencies may change over
time as a particular satellite moves toward and then away
from the ground-based receiver.

Exemplary Signals Corresponding to Signal Processing
Steps

FIG. 5 shows some of the exemplary signals occurring at
various steps of the disclosed signal processing method of
FIG. 4. These steps also generally follow the operation of the
embodiment of FIG. 3, as those steps would pertain to
processing of a single satellite transmission captured by
antenna 31.

As at step 60, when the received RF signal 1s captured by
antenna 31 and filtered by BPF 34, the exemplary S band
signal appears as shown at 90, with the transmission signal
of interest shown at 92. At step 62 once the signal is
down-converted to baseband, the signal of interest appears
as shown at 92bb.

Then for each channel (of a channelized transmission), the
steps at 64 are performed to extract from the baseband signal
a rate-line signal 94. The steps at 64 include performing the
non-linear operation 66 and extracting the cyclostationary
feature at 68 (rate-line 94).

While at least one exemplary embodiment has been
presented 1n the foregoing detailed description, 1t should be
appreciated that a vast number of vanations exist. It should
also be appreciated that the exemplary embodiment or
exemplary embodiments are only examples, and are not
intended to limat the scope, applicability, or configuration of
the invention 1n any way. Rather, the foregoing detailed
description will provide those skilled in the art with a
convenient road map for i1mplementing an exemplary
embodiment as contemplated herein. It should be under-
stood that various changes may be made 1n the function and
arrangement of elements described 1n an exemplary embodi-
ment without departing from the scope of the mvention as
set forth in the appended claims.

What 1s claimed 1s:

1. A method of processing, for Doppler shiit analysis, an
clectromagnetic transmission carrying a bauded signal from
a transmuitter that 1s 1n motion relative to a tracking receiver,
comprising;

capturing the electromagnetic transmission;
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performing a non-linear operation on the captured trans-
mission to expose a cyclostationary feature of the
captured transmission that defines a rate-line having a
rate-line frequency that is related to the bauded signal
and to the motion of the transmitter relative to the
receiver, wherein the non-linear operation 1s selected
from the group consisting of: generating in-phase and
quadrature signals from the electromagnetic transmis-
ston and computing a magnitude of the in-phase and
quadrature signals; performing a delay- and multiply
operation; applying signal squaring operation; and
combinations thereof;

tracking the rate-line frequency 1n time to generate Dop-

pler shift data indicative of Doppler shift associated
with the transmitter in motion; and

supplying the Doppler data to the tracking recerver.

2. The method of claim 1 wherein the transmitter 1s
carried by an orbiting satellite.

3. The method of claim 2 further comprising using a
common antenna system to capture electromagnetic trans-
missions from a plurality of satellites each moving accord-
ing to 1ts own orbaital trajectory and generating Doppler shiit
data for each satellite by performing said non-linear opera-
tion on transmissions from each satellite.

4. The method of claim 1 further comprising converting,
the electromagnetic transmission into digital data and per-
forming the non-linear operation on the digital data.

5. The method of claim 1 further comprising defiming a
channelized electromagnetic transmission and separating the
channelized electromagnetic transmission into a plurality of
time-aligned signals and performing the non-linear opera-
tion on the plurality of time-aligned signals to produce plural
rate-lines each having a rate-line frequency.

6. The method of claim § further comprising summing the
plural rate-lines and tracking the summed rate-line to gen-
crate the Doppler shift data indicative of Doppler shiit
associated with the transmitter 1n motion.

7. The method of claim 1 wherein tracking the rate-line
frequency in time 1s performed using a phase-locked loop to
generate a stable Doppler shift data.

8. An apparatus for processing, for Doppler shiit analysis,
an electromagnetic transmission carrying a bauded signal
from a transmitter that 1s 1n motion relative to a tracking
receiver, comprising:

an antenna port for capturing the electromagnetic trans-

mission;

a processor configured to perform a non-linear operation

on the captured transmission to expose a cyclostation-
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ary feature of the captured transmission that defines a
rate-line having a rate-line frequency that is related to
the bauded signal and to the motion of the transmuitter
relative to the receiver, wherein the non-linear opera-
tion 1s selected from the group consisting of: generating
in-phase and quadrature signals from the electromag-
netic transmission and computing a magnitude of the
in-phase and quadrature signals; performing a delay-
and multiply operation; applying a signal squaring
operation; and combinations thereof;

a circuit that detects the rate-line frequency and generates
Doppler shift data indicative of the Doppler shiit asso-
clated with the transmitter 1n motion; and

an output port that supplies the Doppler shiit data to the
tracking receiver.

9. The apparatus of claim 8 further comprising a down-
converter to convert the captured transmission to a lower
frequency.

10. The apparatus of claim 9 wherein the downconverter
includes a mixer and local oscillator.

11. The apparatus of claim 9 wherein the downconverter
1s 1implemented as a process 1n the digital domain.

12. The apparatus of claim 8 further comprising signal
transformation processor that generates based on the cap-
tured transmission a first signal at a first phase angle and a
second signal at a second phase angle and wherein the
processor 1s configured to perform the non-linear operation
by operating on the first and second signals.

13. The apparatus of claim 12 wherein the signal trans-
formation processor performs a Hilbert transformation.

14. The apparatus of claim 8 wherein the electromagnetic
transmission 1s channelized into a plurality of time-aligned
signals and the apparatus further comprises a transmulti-
plexer to extract a plurality of time-aligned signals, one for
cach channel.

15. The apparatus of claim 14 wherein the processor
performs the non-linear operation on each of the plurality of
time-aligned signals to produce plural rate-lines each having
a rate-line frequency.

16. The apparatus of claim 15 further comprising a circuit
that sums the plurality of time-aligned signals to produce a
composite rate-line signal having a rate-line frequency.

17. The apparatus of claim 135 wheremn the circuit that
detects the rate-line frequency includes a phase-locked loop
for each of the plural rate-lines.

18. The apparatus of claim 8 wheremn the circuit that
detects the rate-line frequency includes a phase-locked loop.
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